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FOREWORD

This report was prepared by tu. Science and Technology Division of
TRW Sysiems Croup, TRW, Inc. The work was performed under the Air
Force *.cro Propulsion lLaboratory, Project 3141, Task 314101, during
the period 7 August 1947 to 28 July 1569, Tiie report is submitted in
accordance with the provisions of Air Force Contract AF33(615)-3729,
"Resistance Jet Attitude Contrnl and Stationkezping Systein Development, "
Messre, A, T. Molisse and J. W. Geis served as Air Force Project

Engincers.
This report was submittced February 1969.

Publication of this report does not constituie Air Force approval of
the report's findings or conclusions, It is published only for the exchange

and stimulation of ideas.
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R, G. Leiby, Major, USA
Chief, Propulsion and Fow#h Branch
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ABRSTRACT

This repori describes a life test of an attitude control and station
keeping subey>tem which uses an electrically-heated aromonia propulsion
system. A high-performance ammonia thruster and a zero-graviiy
ammonias feed system were operated in response to the stimulus of control
electrovics typical of future military spacecraft. This test was & continua-
tion of a successful one-month demonstration test performed as the final
tagk of a system development program. Ia tota!, the iest was continued
for a period of 752 days, during 540 days of which the system was cperzted
closed-loop. The feed systern was operational for the entire test period.

It successfully reguiated delivery pressure tv within 2 3 percent deadbead
under a wide variety of environmental and duty cycle coanditions. Three
different four-nozgle thrusters were tested, twc of which failsd duc te
ammonia corrosion after periods of 5 and 3-i/2 months, The test of the
third thruster was terminated after a 6-r-mth period of successtul opera-
tion. Ne ammonia corrosion was evident., The thruster characteristice
included a delivered epecific impulie of 240 seconds at 15009F. A power
level of 14 watts was required to maintain this temperature with no flow.
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i. INTRODUCTION

This report describes tne wosk performed by TRW Systaras on fhe
life test of an Attitudz Control and Station Keeping Subsystem (LCSKB)
which uzes an electricaily-heated ammonia propulsion system. Tre effort,
which nccurred during the period 7 August 1967 to 28 July 1969, wes
supported and directed by the Air Force Aerc Propulsion Laboratury
(AFAPL) under Contract AF33(6415)-3729.

The ACSKS comprises: (1) an atti’unde control and station ‘kerping
electronics unit, (2) resistively hoated ammonia ‘hrusters, zud (3' 8 zerc
gravity ammonia feed system. Tine .okiectives of the program wera to
determine experimentally the long-tem operating characteristics and
reliability of 2 high-performance subsysterm wilich integrates these ele-
ments in a3 manner typical of future spacecraft applications and to imple-
ment design changes to achieve the desired performance rtharacteristice.

Following the successful complstion ¢€'the design, deveicnment and
demonstration testicg of a high-performance attitude contral and station
keeping =i 'systerr. (Reference 1) the subsystem was subjected to a iomg-
term life test. The total life test period, including the demonstratior test,
extended through a time period of 752 days. -Of this tirre period, the
ACSKS components were operatad in closed loop for 540 days. During the
course of the life test, several problerns were enconatered with the corm-
patibility of thruster maierials. Solutions to these problerns wers found
2.8 & result of data obtained irom post-operative analyses of thrsters and
frorn a materials compatibility test program initiated concursrertly with
the life test program.

‘The attitude control electronics unit and zero-gravity feed syster
were operated successfully during the entire life test. Thc thrusier,
after modificztions as indicated by independent teats, was oparated
succes#sfully during the final 180-day peried of the life test. The attitude
control electronics demonstrated the capability of maintaining a pointing
accurzev of £0.1 degree. The thruster dernonstrated the capability of
delivering a specific impulse of 240 seconds when operated at 1500°F.
The power required to maintain thia temperature was 14 watts. The thrust
level was varied within the range of 0. 020 to 0. 030 pound. There was =

) ™ .
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i-watt degradation in thruster thermal perfocrmance resulting from
insulation contarninaticn in the test chamber., The zero-gravity smmonia
feed o xtem demomstraled the capability of maintaining a presaure control
Yianit of #1. 5 percent arcund the neininal dalivary pressure. These coxtrol
Hmits were independent of flow demands required by the various operating
modas detgrmined for the rmission. The nominal delivery pressuras
recuired by the different thrusters to malutain a thrust level of 0, (20 pound

were in ihe range of 30 to 35 psia.




2

-

o v 3 WOW.

2. SUMMARY OF THE PREVIOUS PROGRAM

The life test phase of the ACSKS program was initinted to detormine
the long-term: operating characteristics of an attitnde control and stediem

keeping subsystem which uses an elactrically-heated ammonia propulsion

system. Tais phase was a continuvation of & prograrn that initiaily incloded

the design, development, and demonstration test of an attitude control and
ststion keeping subsystem. In the first phasa of the program, which ia
reported in Reference 4, a mission analysis was performed to define a -
general class of apacecraft missions of interest, determine their attitude

controf and station keeping requiremenis, and sstabliab 2 method by which

an ammoniz electrothermal propulsion system could meet thesze require-

ments. Mission parameters defined by the prograrm. statement of work

were:

& Total spacecrait weight: 2000 pounds

e Altitude: Earth synchronma

¢ Thrust range: 0. 005 ¢c 0. 050 pound
8 ACSKS maximum weight: 100 pounds

® ACSKS rmawimum power cunsumpiion: 100 watts

e Total impuise (H{ot): 10, 000 1b-sec

2 Minimum s 1 year

@ jolar array srea: 100 ftz

e Stahiirution moede: Threes-axis

in addition to the mission analvsis, a control terbnigue survey was

performed to determine the best type of electronic control logic to per-
form the mission recuirernent. As » resclt of this survey, the pulse
ratio modelation {PRM) sppioach was sel~rcted as the mount suicadie control

legic for commanding the reaction jet poises.

A compiets three-axis attitude control and station keeping subsystem

]

was designed fo meet the seircted mission requirements. The subsystem

Y . . - s - L&)
pability of maintaining an earth pointing accuracy of 6.1,

in-plane/longitude and ont-of-plane /latitude station kesping of

23. % ib-aec per day, and provides the requived impulse to remove initial
displzcements and ratex to achieve acquisition,

e R AR AT TIRIRNCT R YIRS SR SRR
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. ditics of po power to the thruster, while the tempersture range of 1500°
“to 4750°F 1s the condition when the hester slement is energized directly

oL M W KB TGN SRR,

The thrueters selacted for the subsystern were rasistively heatad, M
thermal -storage devica.. Four thrusters warve required for the svosyetem i
and sach fhraster contained four noszies located in a plane as inutually .

mmx. in-line, opposed pairs. Each norzzle was dssigned to deveiop
0. 020 pound of thrust at sither ambient temperature or anv temperature
betwaen 1500° and 1730°F. The ambient temperature represents the con-

from the spacecraft bus voliage. The thrustera use vapor-phase amrmnie
as the propellant. They have the capability of increasing the propellant
tempersture when operated in the heated mode and also decomposing the
ammonia into mojscular hydrogen and nitrogen. The thrusters are opera-
ted in ths cold gae mode during initial acquisiticn when the duty cycle may
be high. During normal mode control, the thruster duty cycle will be low;
thus, they can be operated hot ang deliver peak specific impulse. The
maximum bot duty vycle, 2 percent, is required for station keeping.

The ammonia feed system was designed to supply vapor phase
armnmonia te the thrustera. It was comprised to two storage tanks, each
with an independent flow and pressure regulation system. the maximum !

4 .
b/

sec. This maximum deinand was to oceur during acquisition for a pericd

flow demand that the feed system was remired to supply was 4 x 10°

of approxdniately 300 seconds. The minimum ammonia sturage tank
vressure during this 200.cesond flow period woe assumed to 86 peia. The
nominal delivery pressure io the thrustors was designed to be 30 psia
with 2 nominal deadband of 1.0 pai. Tank pressure variations during

the entire mission were expected to be between 60 psia and 212 nsia.

During the design and developrment phaz: (I Lo . .gram, « complete i
three -axis control system was gimulated Ly an analog computer. Com- :
mand torques from the thrusters and inertia properties of the spacecraft i
were slac simulated. Th- acquisition, attitude control, and station keeping
behavior of the ACSKS was examired withir. a range of different initial
displacement and rate inputs, disturbance torques, and station keeping B
rates. The results of these tests are reported in Reference 1.
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A saries of thruster design analyscs wae performed to «am
(a) insuletion configurations that would result ix mirimum thermal lﬂm
and (b) a flow pesssge desiga that would result in nesrly complate dued
position of the ammonis when the thruster was operated in the hosted
Prototype thrusters were fabricated and design verificstion tests wara - i
performed. In addition to thesas tests, heater slement tests were Lndiisied
to determine the operating characteristics and life expscizacy of varicus .
heater element materials and element configurations. Materizls compati-
ity tedts wi'o aiso perfuzmied to Geterinine if thefe wouid be any
detrirmental interactions btetween the thruster structural materials.

e

The feed system concapt selected for the program used capiliary
flow tubes to regulate the ammonia fl>w and insure that it wae delivered to :
the thrusters in the vapor phase. In the zero-gravity environment of space b
in which tha feed aystem is to operate, the location of the interface betwaen
the vanor phase ammonia and the liquid phase in the prepellant storage
tank ia not necessarily predictable. Because of this, as propsallunt is
required from the storage tank, it can exit as either vapor or liquid. The
capillary tubes, whick are small-diameter tubes with large length-to-
diameter ratios, serve as vaporizers for the ammonia if liquid phasa is
leaving the tank., The capillary tubes a-z l{msasionally sized »0 oduut if
liquid arsnmonia enters the tubes, it will be completely vaporized before it
leaves. Propellant flow from the tank was controlled by an ON-OFF
anlenoid valve. The position of the valve was controlied by a transducer
through a level detector switch and valve drivar assembly. During tha
design and develcpment phase of the progiam, fiow and heat transfer

analyscs were performeac to determine the capillary tube perforraance. i

A heat transfer analysis of the heat extraciion process between the stored
propellant and the capillary tube was also performed. A proiotype foed
systern was assembled and both design verification tests and preasure

regulation interaction tests were performead.

A I € ] VLR

After tne design and development tasks of the program wevg come
pletad, a demonstration tast was desigried The purposs of the demonstra-

tion test was to determine the operating characteristics of flight-type

[Sg




operational units ~¢ an attitude control system. The units used in the
test were:

1) A single-axis eiectronic coantroller
¢} A ifour-nozzle ammonia thruster
3) A zero-gravity ammonia feed system.

Thdqo units were operated in a closed loop mode. In this mode, the
contrel electronics receive an input rate and position error signal. This
~.yaal is converted into an appropriate thruster propellant valve command.
An ON valve command will result ia propellant flow through the thruster,
causing an impulse bit. The result of this impulse bit is conditioned by a
rigid body simmiator to drive a sensor element. An OGO sun sec.usor-
stimulus is used to generate the error signal. Ammonia propellant is
supplied to the thruster from the feed system at the desired pressure.

The three attitude ccutrol unite weve operated in a vacuum chamber to

simulate the pressure environment of «pace,

o
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¢ unite used in the life test were fiight-type models. They ware
decigned and fabric:ted to meet specifications typical of those that would
be ,_qurﬁd on a zpacecraft, The chamber in which the test was pcrﬁo:’med

was maintained a2t pressures that simulated the vacuum of spaca.
3.4 CONTROL ELECTRONICS

The control si:ctronics used in the test was essantiélly a tingle-
cxis unit of the thre--axis attitude control system. The single-axie
controller consizts f the lead-lag network, the pulse ratio modulator,
and the valve driver circuits. The lead-lag network is an integral part
of the electronic controller. It is an integrating circuit that converts the
rate of change of sensor displacement signal into an error signal thet is
additive to the erro: signal resulting from displacement. This aliows the
pulse ratio modulator to both detect and anticipate spacecraft displacement.
4 schematic of the single-axis controller, which includea the lead_—lag
ne'work and the pulss ratio modulator, is shown in Figure 1. A schematic
of the valve driver circuit is shown in Figure 2. Both the single-axis
controller and valve driver are described in detail in Reference 4. The
unit, fabricated for the demonstration teet, was used throughout tho entire
lifa-test vhasge of the program. A portion of the circuit was bypassed
Anring tha latay asingoe of3b 2 111z $220 Wlhéa a pulsing circult was used to
prcduce the error siznals instead of a sun sensor-stiinulus unit. A

photcgraph of the aciual control unit and valve drivers is shown in Figure 3.
3.2 THRUSTER

The ACSKS thruster is a resistively heated, four nozzle unit. Each
nozzle delivers 0. 020 pound of thrust. The thruster is designed to heét
ammonia to a miniroum temperab-ra of 1500%% ona dzcompose L into
molecular hydrogen znd nitrogen. The thruster is of the thermal storage
type and can sustain a propellant pulse duty cycle of 2 percent while
maintaining a propeliant temparature of 1500°F. The maximum pulse
duration is 3 secondz. In order to meet flow requirements cf the 2 percent
duty cycle, 3-gecond pulses, and z minimum propellant tempsrature of

1500°F, the minimum equilibrium no-flow thruster temperatyre had to
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Figurs 3. Single-Axis Controiler and Valve Uriver
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be 1550°F, The thruster duty cycle and pulse duration wsre determined
by the ACSKS mission analysis. The minimum propellant tempersture of
£500°F was established experimentally as the lowest tezapsrature at Iﬁid
propeliant flow wbe materizls had sufficient catalytic ;cuvity to resalt h
nearly complete ammonia decomposition.

Duric, the conrse of the ACSKS program, a total of three diffarent
thrusters were used. The basic design concept of each of the thrustess
was the same; however, the implementation of the corncept was different
for each thruster. The reasons for the differencee are explained in

Section 5. The design aralysis of the thruster concept is reported in detail
in Reference {.

The first thruster used in the life test was the ope fahricated for
the ACSKS demonstration teat. An aesembly drawing of the thruster is
shown in Figure 4. The detail drawings of the thruster z2re in .. eference
i. This thruster had a solid nickel-200 core on which were wrapped two-
tubular swaged heater elementr. The heater siements had an ocuter sheath
of Inconel 600, magnesium oxide insulatios, and a resistance element wire
of Kanthal N. Two elements were used for recundancy. The propeliar®
flow tubes, ops for each nozzle, were coilea on the core directiv over the
heater elements. The flcw tubes were the catalytic surfiace on which the
ammonia diior.poged. The propellant flow tubes were fabricated irom
type 304 stainless steel, and were sized s that the ammonia decomposition

process within thom was diffusion controlled. In a diffusion controlled

process, the decumposition rate of the amumoni» is controlled by the rate

at which the reactant, ammsonia, diffuses to the fiow tube surfsce and the
products, hydrogea and nitrogen, diffuse away, and is not controlled by

the reacticn rate kinetics at the fiow tube surface. The propeliant flow

tubes and heater slemente were secured to the core for steuchural

integrity, and to each other for thermal contact. by brazing. Thermal

insulation of the thrusiar cora ase gg:—sk v wag ach:ieved b’ surroundisg the
cora with alternate iayers of 0. 00023 -inch-thick melybdenaom fedl and

0. 015-inch-thick refrasil cloth. The insslation wais applied as « spiral

wrap on the cyliadrical section of the core and 23 Sat dizcr on the snda.

A photograph of the gssembled thruster ies xho 2 1n Figure
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Figuzre 5. Assenibled Thruster, ACSKS

The outer envelope and inr lation of the second ACSKS thruster
were identical to the first; however, the thriister core assembiy was
completely recesigned. The heater element used for this thruster is of
the car'-idge .ype. A photograph of the elenient is shown in Figure ¢,

The cartridge element had zn ou*er sheath of Inzonel §00, -nagiesium
oxide insulatior, and a resistance elemeni of Nichrome V. The basic
element s 3/6-inch in diamefer and 3 inches long, with a ¢ . thickness
of 2. 040 inch. A 0. 07%.inzh-thick layer of nickel was electroplated on the

outer aurface of the eiement sheath. The propellant fiow tubes were

wrapped into grooves thal were machined in the plat-d layer. The flow

3y

tubes were fabriceted of nickel O with an outside diameter of 2. 063 inch

and & 0. 007 .9ach wall, A D a75%-inch-"hick nickel Iaer was vhen vlectrc.

b
piocet onoy the flow fubes. The o ter surface of vae plating was mackined

te remaove the major no tion o the siati o ridges resulting from the fiow

ey

tube impressions. The cuter diam<. ¢ of the machined core was 0. £4%
ook 2 s aie ohage TINnG woaw welderd P U R OU N Y Thic wi
ol A nowzle-base ting was weided onto The elerment sheath. This ring
formed the jurityrze between the ow cabes and neonle chambers,  Both

the noneie-base ring and ne Lles were fab ccated from nickel 2070

3 I s o an.
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Figure 6. Cartridge Heater Element
The seals between the flow tubes, ring, and nozzle chamber were made ‘;,
by TIC welding. The nozzle configurar on of this thruster was the same . :
‘; as tha of the original thruster, except that the outer cross-section of the )
: nozzle chamber was cvlindrical. A photosraph of the thruster core, '
j instrumented with three thermocouples for the thermal loss test, is shown 3
. in Figare 7. During the {inal plating overation on the thruster in which 3
the flow tubtee were piated in place, the magnesium oxide insulation ct the {
; keater vlern.ent becam« impregnated with pi-ting sciuficn. Thi caused ]
the element wirve to Yevelop an incernal shori. The heater element was ‘ :
machined cut of the ~u3. a4 a new certridge element was pressed in :
niac
A thi~d thruster was designed, fabric ted and tested during the iinal 3
stage of Jig i~ test phase of the ACSKS prograr. The envelope, support,
and msulation of this thruster wore the same as those of the first design.
This throster, like the second one, hed a complewsly edesigned caore
zsrembly. The thruster used a cariridgs heater ele.nsat  idenfical ro
, t

that of the second tnruster. The heater eleinent was inzerted 1nto a

puacnined core on which the propellant flew fubes had been wrapped and

‘e nozales walded., A diawing of the core is shown v Figure &, and flow T
tube ¢ oanoing ring in Figare 2. It ds fabricat ¢ of Inconel X750, The flow
N - o i
N cube o oused on this thruster were fabricate? s o comnposite.  These tubes
3




Figure 7. Thruster Core Assembly, ACSKS-¢

were formed by plasma spraying a 0. 0045 %0. 0005-inch layer of alumina
on nickel 200 tube that had a2 0. 063-inch external diameter and a 0. 007-
inch wall. The plasma-sprayed tube was inserted into an Inconel X750
tube that had a 0.078-inch outside diameter and a 0. 005-inch wa'l. The
outer tube was then compressed against ti:e inner plasma-sprayed tube by
a drawing operation. The rationale for this type of propellant flow tube

iz explained in Section 5. 3.

The nozzies of this third thruster were modinied versions of those
used un the {irst thruster. The modification includeu increasing the wall

thickness in the region of the nozzle throat and changing the materiai from

...‘

nicwel 200 to Inconst X750, The thicker wall section of the nozzle increased

its lead carrying capability

thruster core during the law

¥
3
’- * o b - ;l 1
: Sodrawing of the nowsies 18 8n
viance testing of the thruste
formerd on the poasle surfs L2, ThRia ino& larges thermesl loss
from the theuster.  To covrect this, the conieal neinn and throat
;
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- . e e - e e e+ it

14 e .30

ik, st

a tof




1}
!

€~SHSOV ‘310D xaenay] g sxniyy _,
. |
' |

- " 3 " 'b . e ermninn oo« s s et s AN MR, 7
oo/ 7ovK [Teuja SR e e A T e |

1 R ua au wc sinm - 1
i D SRR

]

i 1D !

1008 JCC Aiw " !
100 Q" KW (W Inid

oo

¥
K 1 B
7 20 Sy 9 st & : . BRI N i ot o by e ot s ot 5

L e .




Surureioy ‘Bury

‘6 sanfig

e e e e e EBREAEE YO v i g A S 0

fr i romcmitida creviomt mivdiiorde

b
i M 1

ﬂl lil weigll

: l;{! %;!

OBL X TIVCo

ey

LR L2008 14

o grnrnt

A N, 10057005

RV

/.v/ } = ‘
. . A .

SN SRR

SIOV 2 ‘\\\

F IOz 680"

WA SRR WY Sy

W |

T e %-\ [
20 e M TROAWOR W N R )

[ AT AR -

i

e @ e e e g

=

arnea

PR

T = e Y S e

~nzz g




2,910V X [eesufg
43Il 32208

£ SHSOV

XVINNIYT 'I[XTON

e L AT AT Podats- MAME IS St S -

o1 arsndrg

AV + B8 OB +IJ
4 1

AN s B0 Wiy T

TRUNY £ LWTIXD TV W 70

~ DN &

;o

&w\ |

s
s

v

o ! . gl

el 'l Ty
A5 ; L
. e rarnn < St v ! P M et e ‘,{.ﬂe,
Ead ..f.!fﬂ - AN L LR S K
- R S .
e B 2wl wwb 4 n”-; - -

; i 7 | : ; 1
S - 7 J— SO SRR R oy -,
| I AL W,
: i cow W Ty nepy
VB G My WA A4 Y RN, W g AR i

BT T I S T

TR 2 - S
YLy

o e (MTE - i

e W i [ |
o P
‘o

-
™
Y
-]
hgg
A\,
RSN VR S,
Mool TN
s b
A
- a i el
A

PO T T e T e

e




bt Cidi et BT e

sections of the nozales were removed and replaced -u-mﬁ-m
The junction between the aicksl expansion snd throdt seetion god
Inconel chamber zection was made by TIC welding with 1

material. S

The fiow tubes were terminated up the thraster cote by T1 =
to a tab that war an integral part of the core. Thkis &“ﬂm
portion of the nozzle chamber. A detail of this ulumﬂy is shown - B
Figure 14. The chamber section of the nossle was TIG welded. to ﬁt m .
and core tab. No filler material was required. The propellant flow bha LA
were attached to the core with a plasma sprayed Inconel 600 mr. - |
During the thermal performance tests in which the noszles cxidized, an
oxide film formed on the plasma-sprayed surface of the thrustey cores.
Because it was not possible to eliminate this oxide formation, which had
a relatively hi_h thermal emissivity, the exposed surface of the thruster
core was nickel plated by chemical vapor deposition. This was accom-
plished by heating the thruster core in an atmosphere of nickel carbonyl.
The thickness of the nickel layer was 0. C048 inch.

This third ACSKS thruster was the one used in the final six month
test period of the program. It was part of the deliverable items at the
end of the test period. The other two thrusters were disassembled and
subjected to both chemical ard metallographic examination.

3.3 FEED SYSTEM

The ACSKS amm™nia fead system vsed in the life test was the same

one designed and a-::mbled for the demonstration test phase of the

program. The feed system for the complete attitude control and sttiom
keeping subsystem consists of twoe propellant ¢torage tanks, sach with a
propeilant supply unit. Each tank contains one-half of the total propeilant
required for the mission and esch supply unit has the capability of supply-

T A Tt

ing the maximurn propeilant flow rate that occurs during the spacecraft
acquisition mode. These values, &s determiued in Reference {, are a
tota] propeliant capacity of 44 pounds and a maximam flow rate of -

$ x 1"0—4 ibisec. The fead system designed for the demaretration test

was a half unit of the total spacecraft sysiem,
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The feed systern was des

to oporeiz an & 2270 gravity eaviran-

1nent. I outilt od capillary tubes

H

or Jdow regalaticon svd vaporizstion.
The design analysrs »~d description

of the feed 3vste n componenis are
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tpmperaiires.  Theo thrudier exhzuest af these periods is essentially pure
mrnwnonia. The am: onie envircament in the $ank might have had a

Sdatrimental sfoct oo the electronic components.

Thz OGO svn sansvr-stimalus and the rigid bady simulator were
locnted outeide of the vacvum chamber. FPhotographs of the test system
ar¥® showa v Figuvic 47 aud 18. Both the sun runsor and rigid body
rirdgtar were repiszced with o pulsing circuit during the latter portica
of the ife tesi.

3T OPERATION

£ g Worr Ay

The test was “esigned to simulate both spacecraft normal mode
attitude vontrel and station keeping. Two of the thruster' s Jour nozzles
wcre'use'ci in normal mede operation. The propellant pulsea'from one
produced a positive comumand torque on the simulated spacecraft

and the viher 2 negative torque. The input signal to the valve driver
circuits of thece tvrc nozzles was used as the electric analog of the
irnpulse bit nroduced during the propellant pulse. This electrical signal
wae input to the rigid body simulator which simulated the inertial prop-
erties of a spacecra’t. The simulator was essentially a pair of integrating
circuits in series. The first would convert the impulse bit into a signal
that represented an scceleration of the spacecraft. The sceond intcgrator
convertcd the accelovation signal into a spacecraft positien signai. This
cignal was uzed to acfivate the motor drive of the sun gensor. The sun
gensor we v pointed =% a fixed light source. The electrical output of the
sun sensor electroni:s was preportional to the angle between the sensor
and light source. Thiz electrical oﬁtput wasg the input error signal to the
control clectronics. By virtue of the lead-lag network in the feedback
loop of first stage ar.plifier in the conirol electronice, the error signal
“in the control electrouics is due to %oth the angular position and rate of
change of positicn of the cun sensor with respect to the light sourcs.
The magnitude of this error signal controlled the activation of the thruster
propellant flow cont:-ol valves. The pointing accuracy or deadband control

iimite of the sun sencor was maintained at 0.1 degree. The normal mode

averaged pules frequency was sel at one per minute (by adjusting the

vpacecrall inextial rroperties in the rigid bedy simulator).

30
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Figure 4
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22 SIMULATOR

Demonstration Test System, Side View



After 672 dayr of the life tests, the rigid boedy sirmulator and gun
sensor were vaplaced with a pulsing circuit. The sun sensor was'nét |
able ¢o track he outpui of the rigid body simulator due to excessive wear
of the senmor drive gear. This non-tracking resulted in a high and
erratic commund pulse freguency from the ccatrol elecironics. Because
there was insuZficient iime to overhaul the dri.: train of the sun sensgor,
the pulsing ci’cuit was substituted, This pulsing circuit produced an
error signal in the final atage of the control electronicas that would
re3ult in a vaive pulse command., The frequency of the pulses were
adjusted so that an alternate positive apd negative pulse would be com-~
manded at 1-:uinute intervals, A schematic of the test system with the

pulsing unit is shown in Figure 19,

- Y
: \ALWi .
[ e | | CONTROL [ THRYST
PALSNG CLECTRONICS | MEASURMENT
| unI e _ ‘ STAND
{ VAL
P i
a AV COMMAND T
i av o
FEOGRAMMER ep| YALVE) O)i
— SR ._”{-.}

YALVE

Figure 19, Teet Block Diagram, Pulsing Circuit

The 4V or tation keeping mode was simulated by pulsing pro-
peliant through a third thruster nozzlc. This was accompligshed with a
pulge~-time circuit. The puise duraticn was {1 second and the frequency
was one pulzs per 50 geconds, corresponding to a 2 percent duty cycle.
Although the taruster had the capability of sustaining longer pulses, thes
vacuum gsyste:n could not, During propellant pulseg of greater than

i-gecond durition, the pressure in the vacuum chamber would exceead

33



the maximum for operation of the diffuaion pumpa. Sufficient AV mode
opsration was »urformed to resultina total'prope]l‘ant expenditure of
100 Ih-sec per month, The fourth nozzle of the thrusier was inoperative

during the tesi period,

Operntiny characteriatice of the control electronics were moni-
torad by chserving the position of the sus senzor, This was done by
monitoring both the output of the sun sensor directi-y and also the output
of the position ‘ntegrator of the rigid body simulater. FPhase plane plots
of the cloged«~1loop operation were gsuerated by tracing the outpu: of the
poeition integr:tor againast the output of the rate integrator in the rigid
body simulator. This could be -lone without interrupting closed loop

operation,

Thermal performance of the thruster was measured by monitoring
the voltage across the thruster heater element, the current in the heater
circuit, and the thruster temperalture. Thruster temperature was
measgured with thermocouples located along the core and at the base of
the nozzle chamber. The core tamperature of the thruster that had the
¥Xanthal N elemma2nt was alao monitored from the elemeint resistance,

This methed proved to be more reliable than with thermccouples.

The thrusier was attached to 2 thrust and impulse stand during the
test. A photograph of the thruster and stand ls shown in Figure 20, In
order t5 measgure thrust and specific impulse duiing the test, it was
_necessary to deccuple the thrustar from the closed-loop operation. The
thx:!l‘..st stznd oncraied on the game principle as a ballactic galvonometer,
2nd its rate of rmovement resulting from a thruster pulse produced an
<cutput voltage. The magnitude of the output voltage was proportional
to the impulae bl generated during the propellant pulse., The time rate
of change <f the stand output voltage was proportional to the instantaneous
thrust force gersrated by the thruster. The mass of propellant expelled
during a perforrmance monitoring pulse was determined by measuring the
pressure drop in a calibrated volume located in a section of the pro-
pellant feed line. When thruster performance measurements were being
made, the valve pulses were generated by triggering the valve driver

of the contrel eicctionics with an external source,

Ty g
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Figure 20. Thruster — Test Stand Unit

The performance chzracteristics of the amonia feed gystem were
determinzd by monitoring the pressure of the propellant delivered to the

thruster. In order to monitor its control characteristics under high
t

and expel propellant through a flowmeter. This was done, however,
without decoupling the systern from closed-loop operation. The fend
gystem, s can be seen in Figure 13, was mounted on a frame that conld

be rotatced. It was pessible to expel either liquid or vapor phase ammoni:

"
33
0
r
&

uE)
a
.
-
5
&

from the storage tank by rotating the frame which in +u
iiquid lev:l with respect to the flow conirol valve at the entrance to the

capillary tubes. The ammonia phase leaving the storapge tank could also

be changed without decoupling from closed~loop operation,

aadd
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4. LIFE ‘rm RESULTS

s The entirc life test pbzue of the program extended for a period of

24 months. This atu‘ted 1mmediai‘.e1y fohowtng the conclusion of the cne-
- month demonstration test. The hutorncal sequence of the life test is
‘f—-'u\-;cted on the bar graph in Figure 21, The life test, with 21l of the
original units of the demonstrahan test, started on 7 August 1967. Tkhis
first test period continued through 11 ‘December 1967. The units had logged
154 days of operation up to that time. The teat was mte‘rrupted in December
because of severe degradation in thr!;lter specific impulse periormance,
The control electronics and feed éystem. as well as the rest of the test
. #ysiem, weie sscursd in s -‘--"‘-*- ‘condition and the thruster waz dis-
‘uzambled for "—-pection. The resiﬁts of the mspectm-n indicated that the
propellant flow tubes had undergone a catastrophm attack by the ammonia

‘ vpmpella.nt. Fonmmnx the initial vuual inspection, the thruster vwas sub-
jected to a chemical and meuuogrlphzcal examination. This examination
ond the results are ducusnoﬁ in Sechon 5.1.

- Fabrication of the second (nickel plated) thruster was started approxi-
mately { month after the life test ‘was interrupted. Prior to the start of
fabrication, data fmm-the‘ examination of the first thruster were analyzed
‘and materials compatibility tests with ammonia were performed. The
resulta of tha compatibilitv tests indicated that nickel was sufficiently
registant o ammonia attack for a {-year life and had sufficient catalytic
activity for use as propellant flow tubes. The {-year life estimate implied
én'amonia-‘exposure time ot less than 10 hours. A 50-millisecond pulse
every minute for { year corresponds to an exposure time of 7. 31 hours.
Although the nickel tube samples survived continuous exposure to ammonia
for more than 80 hours, the one-to-one correlation between intermittant
and continucus exposure used in selecting ‘nickel proved to be in error.
However, this was not known at the time, and nickel was selected as the
‘flow tube material ior the second thruster.

The second ACTSKS thruater was incorporated into the life test, and
_ the life test restarted on 22 March 1968, After the initial heat-up in the
test, the thruster thermal performance began to steadily degrade. The
life test was interr:pted on 9 April for the purpose of examining the

thruster, The thruaster was reinsulated and che life test resumed on
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12 April. All units in test were performing within dezign apeciﬁcation.
A problem developed in monitoring the spocific impulsy performanco of
tte thruster in June {968, This regulted from building modifications near
“Le toat area. These modifications caused vibratiors generated by the
gvstern's mechanical »ump to increase in magnitude in the vicinity ol the
vacuum tank, The vioration intensity increased the noise level in the thrust
balance monitering readout., A filter circuit was designed and implemented
to circumvent this problem. Once the impulse monitoring problem was
resolved, the impulzc degeneration probic:n reappeared. The specific
npulse perforrmance of the thruster had grossly degraded during the
month of July, The life teat was again interrupted on 27 July 1968 zafter
106 days of thruster cperation, All other units of the integrated system
tests were secured in a stand-by condition and the thruster was removed
for ingpection. The thruster {iow tubes were pressurized with nitrogen
fcr a leak check, Th:- reaulis indicated that the propellant tubes had
tecorne porous, The z2rror in the one-to-cne exposure time correlation
hud Lecome evident, This thruster was subjected to a chemical and metal-

':A:;.!h cal examination, as was the first, and the results are discussed

Materials compntibility and catalytic activity tests with ammonia
had becen in progress concurrent with the life tests and were continued
into the period following the thruster flow tube failure. Results of the
riterial compatibility tests indicated that rate of ammonia attact on
materials euch as stainlesz steel and nickel was not entirely a function of
arnmonia exposure tirie during pulsed operation. Total time of the test
zad duty cycle of the pulsed exposure also have a significant effect. The
cataiyti-: activity test results indicated that those structural materials
exnibiting good catalytic activity for ammenia decomposition had negli-
#ible resisiance to armmonia attack. Those materials that had good
corrogion resistance (9 ammonia under thruster vperating conditions had
negligible catalylic a~tivity for ammonia decomposition. Theege tests
indicated that one way of obtaining both the required resistance to ammonia
sttack and the require i catalytic activity for amn:onia decomposition was
to uge a composite propellant flow tube., The composite tube would hava
sninnetr surface that would have the required catalytic activity and an outer

fayer tnat would resict arrmonda attack and provide structural suppert.

W



As a result of this solution to the compatibility problem, the third
ACSKS thruster was designed and fabricated, The life test waz restarsed
on 2% January {4959, using the new ACSKS thruater. Aftex approximately
30 days of oper=ztion, the drive train wear on the CGO sun sensor had
reached a state reaquiring a complete overhaul before it could be used
further in the 1ii2 test. Thus, the OGO sun sensor was replaced with the
pulsing circuit. The life test was continued to 28 July 1969, which was
its scheduled ternination date. This corresponded to 180 days of continu-~
ing operation. .11 ACSKS unites were operating within their design specifi-

cations during the final stages of the life test phase,

Both the control eiectronics and fecd system were operated in tha
integrated test system for a total of 540 days. The feed system was opera-
ted for 540 days and charged with ammeonia for a continuous period of
755 days. The tiird ACSKS thruster was held at design operating temuera-
tureg and was subjected to propellant pulses for » ccnﬁnﬁ.cus neriod of
180 days.

4,1 CONTROL ELECTRONICS TEST RESULTS

The contro!l electronics unit, asezembled for the demonstration test,
wasa used throughout the entire testing phase of the ACSKS program, This
unit maintained » deadband limit which corresponded to a pointing accuracy
of 0. 1 degree. A typical phase plane plot is shown in Figure 22, It vas
able to maintain this pointing accuracy even as the affects of gear wear in
the OGC sensor drive increased. During the pariod of degradation in the
sengor drive, the commanded pulge frequency increased from the nominal
{ per minute to = rate as high as 10 per minute. This cnange in pulsc
frequency was dit2 to the erratic movement of the sun sensor head which

manifested itgel’ in a high error rate signal in the conirol electronics.

The el

<t

ronicg control unit did not drift from its nominal control

194

c
point during the ontire time period while under vacuum operation. here
w28, hewever, o Jdrift in the se¢t point between operaticr in air and in
vacuum. This 4-i{t was traceable t2 a mismatch in the tharmal charac-
teristics of the Field Effect Transgistors (FET) shown as Ti and '1'2 in
Figure 1. The urift that occurred during the transition from ambient to
vicuurn environ: ent wasg reduced, but not eliminated, by ncat sinking the

STy

FET pairs to & common metal block, Because of this drift, it was
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necesaary to n:ll the control electronics whils undex vacuum. Matched
pairs of FET's, which will eliminate this drift problem, are now‘iavailgbla
vommercially. The FET's zre required to produce a high igr;.‘,)admce
betwean the first stage amplifier, Al in Figure 4, and the lead-lag net-
work. The need for this high impedance results £r:m the high resistance
incorporated i the lead-lag network to obtain the required system time
constant. Low:=r resistance values could be usad in th3 lgad-iag natwork,
whichi would elimninate the need for the FET's; howaver, the capacitors

(C, and C, in Figure 1) would be extremely large.
4.2 THRUSTXR TEST RESULTS

The thermal performance of the thrusters was monitored continu-
ously during ths test. Thic was done by recording the voltage and current
across the thruster heater 2lement and the output of thermocouples on the
thruster core znd/or noxzzle block. The specific impulse and thrust devel-
oped by the thruster were measured at psriodic intervals during the tesi
period.

4.2.1 First ACS¥S Thruster
Teat Resgults

A curve of the rower required

49
to maintain the thruster core at

various tempceratures is shown in

Figure 22, The heat loss data are
reprsdentative of those obtained
<aring the initial month of the life

test. The therma: pexformance

ATR, WATTS

atarted ro decline with time afier

this period. The first major change

in therm=z! ioss characteristic

occurred after a facility nower

i
3 s failure. The vacuum chamber
VA : e .
W_Jl / i I scame contaminated with pump oil
Uy umid > umk v Y IS LI N7 .
TOAPERATUSE, R ag a result of a relay failure in tha

test facility interlock system. Build-

Figure 23. Thruster Thermal up of a dark deposit ox the nozzle
Periormance, . . .
A ~oTre 4 expansion coue section, which wasg
XI.CS.'I\'.) -4

later found to be ~zrbon, became
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noticeabie at this time, The history of the thruster thermal performance
is tabulated in Table II. The core average temperature was determined
from the resistancs of the thruster heater slement, The no==ls base
temperature was mezsured with 2 thermocouple at that location. Period-
ically, the thrster temperature was allowed to equilibrate at a value near
950°F, In this temperature range, the core s:.v'erage and nozzle base
_temperatures were nearly the same because radiation heat loss from the
nrxzle is sufficiently small to have no effect on core temperature distri-
bution. The temperature measured by the heater element resistance was
compzred to that measured with the thermocouple. The two temperiiures
agreed to within 5°F throughout the test period. This would indicate that
there was no change in the resistance characteristics of the heater ele-

ment, whic’: wae Kanthal N,

Table II. Thruster Thermal Performance

: Temperatu or
Date Power Input (watts) - \ pe re &
wore Average MNOZZ1le Dase
8.-31-67 14,8 1550 1454
9.30-67 17. 2 1600 1485
*

14,8 1530 1420"

10-31-67 17.3 1561 1477
14.8 1525" 1415

{1-31-67 (7.3 1596 1479
d 14,8 1528 1447

- -

Corrected to 14. 8 watts for comparison with data of 8-31-67,

The specific impulse delivercd by the thruster at its operating
temperature was monitored pericdically, and, on three occasions, the
specific impulse delivered as a funciion of temperature was measured.
Thene data are shown in Figure £4 along with the theoretical specific
ttapulse for the thrusteir/propellant system, The data was obtained with

a mominal ammasni= inlet pressure to the thruster of 33 psia, Tae thrust
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lavel was in the range of 0. 019 to 0. 020 pound over the temuperature range,
The specific impulse delivered by the thruster was 244 2:3 seconds at

» 1550?3‘ during most of the test perisd, These data were conszistent with

tha curve of data foxr 27 July 1267 and 8 Avgust 1967 in Figure 24, A larpe
reduction in the specific impulse dslivered by the thruster occurred during
the lattar part of Octcber, The specific impulse data as a function of
i:er’n:-:-cré.ture measured at this time are shown in the curve of 31 October 1967

in Figure 24.

The differesntial expansiovn of the thruster core with respect to the
cuter shield as o function of core temperature was measured. This was
done by measuring the axial distance betwaen the edge of a nozzle and the
edge of the port in the cuter shield through which the nozzle protruded.

The reference point was established while the thruster core was at 1. )OOF.
The thruster was then allowed to cool and the dimensional change with
respect to tho reference was measured, The data obtained is shown in
Figure 25, No rotation of either the core or outer shield with respect

to the thruster bracket was meazured. Because of the degraded sp~cific
impulse performance, the life test was interrupted and the thruster

removed for inspection (ses Section 5, ).

0.040

0.0 s N

RELATIVE DISPLACEMENT, INCH
<
l

¢ Ny
; N
0.010 4 ' \c\
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| \\
!
J &} ‘ \n
o A& 800 i 1200 14 1400
TEMPERATURE, °F

Figure 25, Differential Expansion of Thruster Core
and Outer Shield
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4.2.2 Second ,.CS5KS thruster Test Results

This thruster was incorporated in the life test and the test was. .
resumed on 22 March 1968, The initial heat-up of thie thructer indicated
that a total of i 2. 0 watts would be required to maintain the thruster at
150005‘. As 15000}" was reached, the power required to maintain this .
temperature increased and the equilibrium value stabilized at {6, 6 watts,

On cocling, the thruster assumed different thermal characteristics than
on heat-up. These data are shown in Figure 26, The life test wae inter-
rupted on 9 April 1968, zand the thruster was reinsulated. The test was

rezumed on {2 April {968, The thermal loss characteristica of the

tnruster afier reinsulation are showa in Figure 27, A power input of
. N )
14, 3 watts was required to maintain the thruster at 1500 F,

The specific impulse delivered by this thruster was measured in

the nominal operating temperature range.. Typical values obtained were:

® 246 +5 seconds at 1540°F
@ 241 +2 gecounds at 1505°F
These data wers measured at a delivered thrust level of 0,020 pocund. The
ammonia pressure at the inlet to the thrueter required to maintain this
thrust level was 30 psia.
The specific impulse performance of the thruster degraded grossly
by the end of July 1968, The life test was interrupted at this time and the

.thruster removed for inspection (see Section 5. 2),

4.2.3 Thnird ACSKS Thruster Test Results

This thruster, when initially agsscembled, required {7.1 watts to
maintain its core temperature at 1500°F. Because of this high power
requirement, the thruster was disassembiéd and modified. The modiii-
cation included chemical vapor deposition of nickel on the core and replace-
ment of the Inconel X750 expansion cores of the nozzle with nickel cores.
The reagsembled thruster required {3. 8 watts to maintain a core tempera-
ture of 1500°F. After the thruster was integrated into the life test, the
power required to maintain a core temperature at 1500°F remained at
13,8 watts. However, the thermazl performance began to degrade with
time. This dezradation coincided with the exreasive propellant pulsing

that resulted f3o0m the sun sensor problem, The thruster thermal
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performance sizbilized at a dagraded vaiue after this period, A curve - -
of the thermal performance characteristics is shown in Figure 28. The

powss required io maintain the thzuster core at 1500°F was 16.0 watta,

This power levei remained vnchanged throunghout the remainder of the

teat period,

The specific itnpulse determined by the thruster was initially

A

199 seconds at ! 500°%, This was the value expected for ammeonia with no
docor-vosit:on, The specific impulse increased to a value of 220 seconds
during the first 3 weeks of thruster mperaﬁon in the life test, These
specific impulse viiucs were determined at an operatmg thrust leval of
6,020 pound, An ammernia feed pressure of 35 paia was requrcd to
maintain the thrust level at 0. G20 pound, During the period that delivered
specific impuls: was increasing, a series of specific impulse measure-
ments was made a» a function of thrust level, These data are shown in

¥Figure 29,

The change in specific impulse as a functicn of both time i1 test
and thrust leve! exhibited by this thruster wae not noted in the tvo pre-
vious thrusters. The change of specific impulse with time in test might
have been due to the removal, with propellant exposure, of a propellant
tube surface contaminate, A surface contaminate could reduce the cata-
lytic activity cf the flow tube, resulting in a higher average raolecular
weight of the expelled propellant, A possible source of contamination was”‘
the cil used in the dra-ing operation of the flow tube fabrication. In the
event that oil entered the flow tube during the drawing operation, it would
have left a carbenaceous deposit which could not be removed by normal
cleaning procedures, The purging action of the propcllanf, while the
thruster was at operating temp2ratures, might have been responsible for
removal of a portion of the contamination, which resulted in the improved

specific impulse performauce,

In an attempt to achieve maximum propellani tube surface catalytic
activity, air was pulsed through the tubes, A total of 14, 5 cubic inches
of a2ir at S, T. P. was pulsed through the two flow tubes used in normal
mode coutrol, The thruster core was maintained at 950°% and the pro-

nellant was pul=zed at a 5 percent duty cycle with a 1-secund ON time,

2
5

check cf the thruster delivered epecific impulse at 1506°F indicated that

there was essentially no performance in.orovement over the pretreatment
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value. The air oxidation treatment wa-‘regelted. but ﬁ!t’n vy =k="¢=:4‘-¥ o
core rnaintained at 1250°F, A curve of the cp*rcv.t‘:c 1mpuise as s fnmchoa ‘ 
of thrust level at £500°F is shown in thure 30‘ The specu'it impuue ms
still dependent on the tirust level, 28 it ha.d ~een ‘before ﬁze air tre&tmant'
however, at thie nominal 0,020 pound level, 1t had tnc"eaaed to 226 xmnds.
The air oxidation of the flow tubes was a.ga.in repeated with 7.0 cubac inches
of air at S. f.P. and with the thruster ¢ore maintained 2¢.1500°F, ﬂ‘The curve
of specific impulse as a function of thrust is shown in Figure 31. There was
no improvement ia the specific impulse delivered at the 0. 020 pound thrust
lavel; however, the specific impulse increased from the 231 -geccond pre-
treaiment value to 241 seconds at a 0. 030 pound thrust level. The data
indicated that the specific impalse was approaching a limiting value as tho
thrust was increased. Because of the pressure limitation nf the feed

system pressure monitering transducer, it was not poseible to obtair data

at higher thrust levels.

There was no, or at most only a small, variation of specific impuiué
with thrust level noted on the other thrusters tested. The previous thrusters
appeared to produce nearly complete ammonia decomposition over the
thrust levels, and consequently, the propellant flow rates tested. The
apecific impulse variation of this third thruster with thrust level was
sufficiently large to be almost totally attributable to differences in frac-
tion of 2an.onia decomposed. Another facter which affects apeciiic imprlee
is the chapge in nozzle eificiency with the Reynolds aumber in the nozzle
tL.roat., With all other parameters constant, the nozzle efficiency is a
function cf propellant mass flow rate and, therefore, thrust lavel. The
nozzle efficiency variatious over th: thrust level ranges tested wculd be
smali. The diiference in operating characteriatics of this thruster,
compared with those of the previous thrusters, hasg been attributed to the

sammeoye i kcel characteristics of the flow tubes. The fiow tuoes of this thruadter
had thicker walls than thie previous ones. The liner of thz composite tube
used on this thruster waa equivalent to the previous thruater flow tubes,
In addition to this iinér, the co'npbsite tube had an suter sheath that was
almost of squivalent thicknese. This heavier walled tube restained its
~i. iar cross-section when it was coiled on thé thruster core, wvhereas
there was sormns ovalness in the cross section of the tubes of the previous

thrustera after they were coilzd on the core, This oval cross-section
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Figure 31, Thruster Peiformance, Third
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change in flow rate, however,
Oxidation, ACSKS -3 does have a large effect on
the degree of turbulence in
the flow stream. The effect weuld cause the ammoma fractien decomposed
to increase with increasing flow rate, Thus, the specific impulse delivered
by the thruster would increase as thrust level increased urntil complete

decomposition occurred,
4,3 AMMONIJIA FEED SYSTEM TEST RESULTS

The ammonia feed system performed within design limits through-
out the entire integrated system life test. The feed system storage tank
was initially charged with 12, 25 pounds of ammonia, approximately one-
half of its total capacity, The system delivery pressure was adjusted to
33 psia, so that the firat ACSKS thruster would deliver 0,020 pound of
thrust, The pressure control limits at the ncminal vperating temperature
of 72°F were 20, 4 psi with liquid leaving the tank ana %0, 0B psi with vapor
exhaust, At a storagc ‘ank temperacture of 100°F, which resulted in a tank
pressure of 214 psia, the pressure control limits with liquid leaving the

tank increased to 0, 5 psi, but remained essentially unchanged with vapor.
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Shortly after initiation of the integrated system test, rancom
increases in the pressure control limits of the fieed system developed,

On soveral occaeions, the control limits increased by a factor of four
over that of the original. This anomaly in preesure control was traced

to radiative noise pickup in the transducer/eswitch circuit. The magnitude
of this noise level in the circuit was sufficient to cause opening of the
propellant source control valve at pressure levels alove the upper control
limit,

The source of the noise was test equipment that was operated in the
same building as the ACSKS test. Because of the integrated test wiring
layout, it was not convenient to effectively shield the pressure control
circuit from the noise; therefore, a ''tee' filter was incorporated in the
transducer output line, This filter stabilized the pressure control band;
nowever, it introduced a delay in the output trausient signal from the
control transducer, This resulted in an increase in the control pressure
band width with liquid exhaust from the propellant storage tank. At the
nominal ambient operating tank pressure, the flow rate through the
capillary tubes with liquid exhaust from the tank was approximately 50 per-
cent higher than with vapor exhaust. The tee filter was matched to the
rate of change of transducer cutput rasulting from the pressurc rise in
the plenum when vapor phase ammonia was leaving the storage tank.
When liquid was exhausted from the tank, there was a mismatch between
tha transzducer eignal i tc of change and the tirme constant of the filter.
This caused a delay in the transducer signal to the switch, ‘Lhe pressure
cantrol lirmit with the fltar waw £0. 0 pei with liquid phase auuacuia

entering,

The nominal control pressure level deiiverad by the feed system was
reduced from 33 psia to 30 psia during the test period of the second ACSKS
thruster, This was required to maintain the delivered thrust of
0,020 pound, Thks storage tank was also recharged with ammonia to a
contained weight of 12 pounds. The pressure control limits during this
te. t period were +0, 8 psi with liquid phase entering the capillary tubes
and 0,8 pei with vapor,
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The storage tank was again topped with ammonia to bring its
contained weight to 12 pounds before testing the third ACSKS thruster.
The nominal control pressure level was adjusted to 35 psia. This was the

pressure required by the third ACSKS thruster to deliver 0, 020 pound of
thrust, The tee {ilter in the electronic control switch sensing circuit

was modified to reduce the system response delay when liquid was exhausted
from the tank. The pressure control limits during the final test period b
were £0, 45 psi with liquid flow and 20, 08 psi with vapor flow. A 24-hour
record of delivered pressure during thruster normal mod« operation and

with liquid exhaust from the storage tank is shown in Figure 32,

After termination of the life test, the feed system was operated at

a flow rate corresponding to that required for the mission acquisition

maneuvers, The storage tank pressure was 95 psia at the start of the
test and the flow rate adjusted to 4 x 10.4 Ib/sec, The storage tank con-
tained 6, 0 pounds of propellant at the initiation of this test and the tank
was positioned for extraction of liquid phase ammonia. The system
maintaincd this flcw rale for a period of 420 seconds before there was
evidence of liquid phase ammonia discharging from the capillary tubes,
Normal acquisition would occur with the tank filled to maximurn capacity
(22 pounde) and the total flow rate of 4 x 10-4 1b/sec would be supplied
by two indep endent feed systems for a period of only 300 seconds. The
results of this test indicated that the system has the capability of satisfying
the most stringent mission requirement after 2 years of service, A total
of approximately 2C pounds of ammonia had been delivered by the system

during this period.

53




- _“ﬂ

o g

50

-t gnel

I -t 3 a1, .




ey




. S iR S

—4

N
V)

o




o .

g




+

¥ 12

g

e o

T e i e s

™\

S T SRR W B T T e e O i e e e A




-t

Ve

N .

S o e A e et

S

1

e e i

o

—

N W

N S

e -

e oo e e

R L

1]
H




g

m‘mmmﬂ‘w e e

v R e |

BN

|
i
j R

13

R e e s et e
e e ee——




W LN WY

‘e

19

LB W

TR €8 s e+ b

R

3.




. - e e e L & = o AT <SR 7
S S S S . - . -3
. e e SR
o SR U SR . ; :
1
- v . e A A e i 2 - e —— — ﬁ
d
E
. . U A . ~ e
:
%
e et e AU
i £
. : ] - e T
R - e R . !
+
:
B
i e . R
;
. ; t
t
i .
. : ——- — F== I ———
. : — - § SR
- P - - B . o e ——— —
,
i
e S ————— }
‘
e e e e oo e st foom - — — -
t
:
i
; ; , :
e e . - A e e — 5
i 1 §
¥
¥
e e e e et Swnas o p— - : .4r..... - ~ P, B
S - . ; - e e
3
i
H
a
e e e i e i - o . ” 1
. 4
. : 5
el Hadiadfi RIS T e SRR R 2l R ™ - " " AT ’-‘:1
L B - £
P ! 2 2
‘. ¢
i
Figure 32, TFeed Svstem Delivored
Pregsure, 24 Hours
13 “
t
.
1
:
;
e
L] -
(e 32
o
i
e e+ e s e e o i £ e e o et e

A el e v B ARG A R g a1



s e

5. THRUSTER POST-TEST ANALYSES

Becaus: of the program schedule, only short-term material toet
results were available for incorporation into the design of the first demon-
stration thruster used in the life test. The major output of the short-
term tests was the data used to select a braze material with a sufficiently
low sublimation rate for thc thruster operating life. In order to obtain
long-term compatibility data, z materials and heater element evaluation
program wag initiated along with the hardware development program.

The object of the materiain evaluation was to determine the interactions
between the various structural materials used in the thruster. These
evaluation tests were performed with the various maisrials in contact

at the typical thruster operating temperature range. Some tests were
performed 2t higher than nominal operating temperature to obtair results
und & accelerated conditions. The most meaningful tests for these eval-
uations were performed as an integral part of the heater element evalua-
tion tests. Ir these Jual evaluation tests, a heater element and flow tube
sample were brazed to a base ccre in a manner similar to that of the
thrurter core. The materials of ccnstruction of the items on the cora

samples were typical of those that would be used in an operational thruster.

These heater element/core assemblies were insulated with eithar Dyna-
quartz or super insulation similar to that used on the thrusters. The
samples were heated in a vacuum chamber with the heater element used

as the heat source.
5.1 FIRST ACSKS THRUSTER

The materials of construction of the firet ACSKS thruster, i.e.,
the heater element wire and sheath, the flow tubes, the core bage, and

the braze matarial, were selected on tim basis of the short-term materials

evaluation tests and prototype thruster tests. However, the flow tubex
of this thrueter failed after being in test for a period of 154 days. A
vhotograph of tne thruster core after removal from the life test is shown
in Figure 33. A photograph of a similar thruster core in the as-brazed

conditior: is shown in the ﬁguré for compariscn. Aside from the darkening

of the core surface and nozzle expansior comnes, the first visible signs
of tha flow tube fajlure were cracks in the flow tubes in a region upstream
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of the core. A photegraph of a failed flow tube is shown in Figure 34,

Althoug!: the tibe was cracked, the actual complete separation occurred
during removal of the thruster insulation. This fracture was located

approximately 1/4 inch upstream of the core, Dimensional orientation

e s o b

can be chtained from Figure 4. The thruster core was sectioned for B
metallographic and chemical analysis. A photograph of the sectiored core i
is shown in Figure 3% and 2 close-up of the flow tubes riear the entrance
end is shown in Figure 36, The tubes are identified as AV, positive, k
negative, and vnused, denoting the pozzle to which they supplied propel-
lant, ++ ammonia time exposure decreased in the order listed. The
unused tube was exposed only} during initial unit testing. The damage
sustaincd by the flow tubes, as can be seen in Figure 35, was essentially
proportional to the ammonia exposure time., Close-up phctographs of a

flow tube as it progresses to the nozzle are shown in Figures 37a, 37D,

and 37¢c. The extent of the damage to the flow tube decrcases as it ‘=
approaches the nozzle. The damage to the flow tubes was minimal, and
about the sa=iz for all the tubes used in the test, at the entrances to the

recpeciive nozzles,

Various regions of the flow tubes were analyzed for chemical com-
position by an electron beam microprobe. The objective of this analysis
wasg to dotermine the nitrogen content in the propellant flow tube wall., The
‘results indicated that the flow tube wall in the vicinity of the fractured

. portion contained 7 percent nitrogen by weight. A compound such as Fe;N
- contains 7.5 percent nitrogen by weight, This section of the flow tube,
P upstream of core, was exposed to an estimated temperature of between
' 90003? and 1206°F. No nitrogen, or only a negligible quantity, was found
‘ in the flow tube wall located on the core section of the thruster, The core
, section ¢ { the thruster was maintained at a temperature above 1500°F
during operation, Formation of stable nitrides in stainless steel, the
flow tube material, occurs in the temperature range of 900°F to 110¢°F,
Reference 2, Below this temperature range they do not form in the

presencs of nitrogen or nitrogen containing compounds, and above the

temperature range, they are unctable..
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Figure 33,

Post-Operational ACSKS -1 Thruster Core

Figure 34,
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Figure 35, Sectioned Thruster Core, ACSKS -1
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Figure 36, Thruster Core Section, ACSKE -1
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Tigure 37¢. Flow Tube Cross Section— Two Thirds
of Coil Length

Results of the catalytié activity studies with stainless steel flow
=53y during the development phase of the program indicated that the
decomposition ¢f ammonia under dynamic conditions was predominately a
kinetic controllied process at surface temperatures below 1250°F and a
diffusion controlled process above this temperature. It has bein postulated
that 2 reaction in a flowing system can become diffusion controlled when
one of the epecias forms an unstable complex with the catalytic surface,
and that its lifetime is short compared to the system diffusion time., The
experimental dzta appeared to verify this premise by the fact that no
pitrogen was found in the tube material on the thruster core, in addition,
the damage to the flow tubes cn the thruster core appeared to be in direct
relationship to the ammonia concentration to which they were exposed,

Thie was concluded frora the fact that tke damage to the flow tube decreased
us it approached the nozzle, coirciding with the decrease in ammonia con-’
centration dus ¢t ite decomposition along the flow tube, The flow tube wall
was at constant ﬁemperature along the core even during propellant pulses,
Thus. temperature effects on flow damage did not exist, The more catag-
trophic failure in the flow tube occurred in the region where stable nitride
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formed. However, the damiage cuse.ued by the flow tubes in the rogions
where nitrogon was not found by the electron bearn prcebe apalysis was.
gufficient to causc a failure eventua.llf. The flow tubes were brittls as a
result of thirz type of ammonia attack and the material resembled a rspon'ge
in areas of masgive attack, The results of the thruster failure and cub-~
sequent analysis indicated that, although atairless steel ic an excellent
catalyst for decompousing armnmonia, it has no long-term corrosion resis-

tance to amrnonia.

During the time pexriod that the failure analysis was being performed
cz tho thwmater. 2 lonzeterm materisle compatibility asgembly was also.
subjected to an electron beam probe znalysis. ‘This assembly consisted of
a tubular hezter element and stainlegs ateel flow tube coiled and brazed to
a nicrel core, The heater elemeat had an Inconel 600 sheath, magnesium
cxide insulation, and a Nichrome V element wire. The flow tube was type
304 stainiess steel, and the braze material was AMI-102, which iz an -
alloy containing 15, 2 percent cliromium, 2 sercent ¢vilicon, and the balance
nickel. Thig assemnbly had heen in test in a vacuum ¢nvizonment for a
period of 4308 hnours, during which it was ﬁmi:atained at 1800°F for
2756 hours, A view of the sectioned assembly, mounted in plastic for
analysis, iz zhown ian Figure 38, An enlarged view of a small area of the
assembly iz shown in Figure 39. The areas that were analyzed are identi-
fied in this figure. In addition to the assembly that had been in test, an
ussembly in an as-brazed coudition was also sectioned and its constitutents
anilyzed with an 2lectron beam probe. The results of the analysis of the
exposed and as-brazed assemblies are listed in Table II.

The 1no3t important result of the analysis of the heater element
samples is evident from the Aata presented in the table; i, e., the
tendency for clemental composition of the componewts in contaci to become
uniforrn. This trend toward uniform composition iz due to solid-state
diffusion of the component materiale. Ths diffusion betweaen the com-
ponents changed their structurel characteristice, as can be seen in
Figure 39. This showe the profusion of voids that developed as the
resuit of the interdiffusion of component material, The result of thie
analysis indicated that materials in intimate contact on the thrugter core

would have to be of the same composition,
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_ Resistance Wires

Incomel

. \\ Braze Alloy

304 Stainless Steel

i . i ‘ N £dge of Nickel Core

0.0 0.020 0.040 inch

Figure 39. Photomicrograpn of Heater Element Assembly

The dark coating on the intericvr surface of the nozzle expansion
core, Figure 33, was analyzed -with an electron beam probe. Forn:ation
of this coating coincided with the degradation of thruster thermal per-
formance., The analysis indicated that this coating was composed of
essentially pure carbon. The presence of a carben layer un the nozzles
would resuit in a change of a factor of five in their eurface thermal

emissivity., This change probably caused a large increase iu the thruster
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Leat loss Cdue to thermal radiation from the nozzles. The source of the
coating was purup oil molecules that cracked as they collided with the hot
nozxle surface. A dark coating did not forni on the nozziea of subsequent
thrusters, Thic was -due ic more effective trapping of the diffusion pump
used in the tast system, The diffamion pump baffles were water cocled
during testing of the first thrustex, aud li"quid nitrogen cooled during
eubsequent testing. '

Table {II. Assoambly Component Chemical Composition

] Element, Weight Percent Corrected
Compon zui to the Nearest 1 Percent
' As Brazed Exposed
i. Stainless Steel Flow Tube .
Ircen 67,0 35.0
Nickel 12,0 51.0
Chromium 21; 0 13,0
Silicon 82 1.0
100, 2 100,0
2. inconel 600 Sheath
Iren . 7.0 26.0
Nic&el 78.0 59.0
j Chrominm 15.0 15.0
i Siticon nil 0.2
100, 0 100.2
3. Braze Allcy
Iron 4,0 28,1
Nickel 75.0 56,0
Chromivm 19.0 14,0
Silicon __2_°§. _..%_.:!.
100. 5 10¢,0
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5.2 SECOND ACSKS THRUSTER

The selection of constructioan materials £oz;'tha ae'cond ACSYS thms— s

ter {all metallic components were nickel) was based ox the results of the =

analyris of the first ACSKS thruster, the heater element/compatibility -
test assembly, and data obtained from tests of the compatibility of various
matarials with ammenia. This thruster, howover, failed after 106 days

of operation. TlLe failure resulted from porosity that had developed in the
flow tube walls, extending élong the major portion of the thruster core.
The region of maximum porosgity occurred at the hottest section of the
core. The thruster core was sectioned for both visual inspection and
electron beam microprobe analysis. Photographs of parts of the sectioned

thruster arc shown in Figuree 40 and 41.

There iz evidence in all of the photographs of a gap between the flow
tubes and their grooves. This probably occurred during the wrapping
process when the tubing was coiled in the core grooves. These voids did
not appear to affect thruster performance, becau:e the thruster did per-

form satisfactorily prior to ti.e porosity formaticn.

The flow tube cross sections shown in Figure 40 are grossly dis-
torted, and arc cracked in some instances. The distortion could have i-e-»
sulted from stress relieving of the electroplated layer during high temp-
erature operation. The electroplated nickel coating on the heater eloment,
and also that over the flow tubes, wae depoaited in several layers. The
unit was heated to 500°F after each layer wa« vlated for the purpose of
stress relieving the plating. This may not have been effective for the very
large total electroplated thickness. There is a Becond possibic cause;
i.e., that the distortion of the tubes did not occur until after propellant
began penetrating the flow tube wall, In that case, the movement of the
plating could have resulted through an interaction between the nickel
plating and the ammonia and its decomposition products. The maximum
amount of flow tube distortion appears in the region of maximum porosity.
This can be sean by comparing the thruster section in Figure 41 with that
in Figure 40, which had the higher poresity.

The thruster core section shown in Figure 40 was used for a nitrogen

analysis with an electron beam microprobe. No nitrogen was detected in
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Figure 0.

Figure 41.

Midecaore Thruster Section, ACSKS ~-2

Entrance End Core Section, ACSKS -2

68




.

sither tho flow tve walls or the zurrounding eiectruplatad.;ar&\s, although
the flow tubeo wall material was brittle. At the operating temperature of
the thrusisz core, the nitrides of nickel are unstable, He‘%‘e‘v'e‘r;' during

the ammonia decompoesition process, mstable nitrides w\'mld form with

the wall material as intermediate species. It is poaslble tha.i: soma of the
nitrogen liberated by the decomposition of these intermedinte compounds
could diffuse into the flow tube wall material rather than into the pro;ieli—
lant flow stream. In this case, the nitrogen would be involved in reactions
and dissociations, especially at the grain boundaries of the tube wall ma-
terial. The grain boundaries would present the most active sites for re-
action and the easiest path for migration. This process wculd account

for the complete embrittiement of the flow tube with the presencs of, at
moasat, a negligible quantity of nitrogen in the material, A simila\r”behavior'
of metals in contact with corrosive media as well as hydrng-)n and helium

ig discussed in Reference 3.

The selection of nickel 200 for the flow tube material of this thruster
was based on the results of compatibilily tests performed during the failure
analysis period of the first thruster. During these tests, nickel 200 tube
samples were continuously exposed to ammonia for periods in excess of
30 hours ot temperatures of 1000°F and 1650°F, The tube samples
appeared to sustain only moderate change in physical properties and
appearance during this exposure period. The depth to which atructural
changes ¢f the nickel had progressed was amall, relative to the tube wall
thickness. The exposure time of the nickel to ammonia in the compatibility
tests was considerably in excess of the integrated time exposure of the
propella i flow tubes during a l1-year miegsion ( < 10 hours). However,
the flow tubes of the second thruster failed after an integrated time c..pos-
ure of approximately 0.3 hour, The data obtained from ammonia compat-
ibility tests in which the material samples were subjected to a periodic
ammoniz exposure alsc verified that failure would occur in certain ma-
terials with short integrated time exposure. Those materials that did
fail with zhort sxposure times were also materials that exhibited good
catalytic activity for ammonis decomposition. Materials tested that were
resistant to ammoniz attack exhibited essentially no ca.talytxc activity for
ammonia decompoeition,
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3.3 THRUSTER ANALYSES CONCLUSIONS

The results of these compatibility tests appear to verify the forma-
tion of unstable ritrides and migration of nitrogen within materials that
are effective decomposition catalysts., Also, this process appears to
procead during poriods between exposure to ammmonia, One material that
exhibited excellent resistance o ammonia attack, but essentially no
catalytic activity for ite decomposition, was Inconel X750. This behavior
appears to be duz to the formation of stable chromium nitride on the alloy

zurface exposed to ammonia, Chromiuin was found to diffuse from the

interior of the material aample which enhanced both the thickness and
uniformity of the nitride surface. The stabilizing elements in the alloy,
aluminum and titanium, appear to form nitrides in the grain Loundaries

of the exposead sucrface, This would inhibit the migration of nitrogen
throughb\ié the material. Ae a result of this data, Inconel X750 was se-
lected as the flov: tube material for the third ACSKS thruster, Because it
did not have the raquired catalytic activity for ammonia decomposition,

tha flov tubes were fabricated with z nickel liner. This liner wus expected
tey prés’gmt a catalytic surface to the {lowing propellant stream. Altkough
nickel ia embritiiod az a result of ‘axposure to ammeoenia, it did not exhibit
any dimepeional change, and retained ite special configuration when not
subjectad to any vhyeical lvading. A thin aluminum oxide layer was .
sandwiched hetweoen the nickel liner and the Inconel X750 outer tube, This
aluminum oxide lnysr serves 2s a rba‘rrier'fcr the interdiffusion of the
conetitzents of ths tube/liner combination. This type of propellant flow
tube proved satisfactory for &ecomé@sed ammonia thruster use,
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£, CONCLUSIONS AND RECOMIMENDATIONS

The results of the life test indicate that an electrically heat

ammonia piopulsion systermn can be utilized for spacecrait attitude coutrol

i

and sta “ueping maneuvers. There were no interface problems en-

ion
countered when operating the control electronics, thruetcer, and zerxo~
graviiy fecd system in closed loop, The final test system exhibited the
reliability necessary for leng-term spacecraft operation. The total lapsea
time of the tast, including the demonstration test, was 752 days, During

this *irre perioa, ihe syTtem was operated in closed-loop for 540 days.
6.1 C 0} Tr0L ELECTRONICS CCNCLUSIONS

The control electreonics demonstrated excellent control mude charac-

Tty

teristics. 7 he one abnormal operating characteristiz of the control elac-
irouice was 1 shift in null point during the transition from atrnospheric to
vocuum envivonment, This effect can be eliminated by the use of a matched
pair of FET's which are currently availablie. In addition, a lower current

in the FET .iiluait might increase their stability,
t.2 THRUSTER CONCLUSION

The A:SKS thruster demonstrated high thermal and specific impulse
performanc2, The thruster reliability was not demonstrated urntil the
final stage ¢{ the test program. The results of the thruster failure analy-
sis and material conupatibility test analyses performed during the program
viere successfully applied to thruster design. The composite flow tubeas
used on the final thruster exhibited the required reliability necessary for
syacecralt application, The results of these analyses also were responsi-
ble fur the cvolution of the plasma spray techknique for attachment of the
flow tukes ic the core. By thie technique, the composition of the bending
materizl car be more nearly matched to that of the structursl material.
Also, the siructural component and thruster heater element ace not sub-
jected to the mctremo temperature necessary for a satisfactory braze

bonding.

High thruster thermal performance was achieved by the use of
super insui:tion. This type of insulation congiats of alterrate layers of a
thin, low.eiaissivity foil, such as molybdenum, and a woven quartz fabric.

P

mne problent that was encountered with the use of super insulation was
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roredueibility in aosambly of the insulation package, In several Instances,

» necesszry o reinsulate 2 thruster to obtzin the minimum potential

-
¥

Best lose, The prosiem of obtaining a reproducible insulation character-

»

a2 bean golv~l by uszing a thinnar quarts cloth than that available at

The thruster Jesign demonstrated that nearly complete decomposition =
of ammonia, neccssary for high specific xmpulse performance, could be 8
achinvad by vsing e concept of diffusion-controlied, wall-catalyzed re-

seticng,  The use of this concopt eliminated the need for a catalyst bed to

achinve the high por Jormance., The delivered apecific impulse, and there-

{00 the Traction anunonia decompesed in the flow tubes, of the final

v 1 sl
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formancs cperatics with thig thruster wa~ “chieved at thrust ievels above
that renuired by the coatrol gysten The . 4 specific impalse can be
maintained at lowe:s thrust levels with thrus. v having comgposite flow
abes by decreasing the flow passage area and increasing the tube length,
fhome cheuges will preoduce the reguired turbulence in the propellant flow

atvrars 0 achieve »anriy complete decomposition.

STEMN CONCLUSIONS
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Tho nero-grivity fecd systern designed for this program performed

o

ithin cpecifications throughout the entire life test, The functional feasi-
bitity of the aapillesry tubs concept for vapor-phase propellant delivery was
dermonstrated by the test, The propellant delivery system accepted either
llquid or vapor phase antrnonia from the storage tank and supplied vapor
rhaze ammonia only to the distribution system plenum. It performed this
function @t all flow Jemands imposed by the various control system opera-
ting modea, 1In addition, the pressure regulation capability, reliability,
aud versatility of the pressure controi circuit/capillary tube combination
wara deinonstrated. The feed system supplied the vapor phase propellant
writhin the pressurc band necessary for predictable and reproducible
ihrustar performanca, '

Cne improverent that could be made in the feed system design ia the

<

neorporation of a }:nd-lag network in the electronic switch circuit. This

e

natwork would maks the switch respongive to beth delivery pressure and

,‘J

vats of change of deiivery pressure. The rate sensitivity would decrease

LR
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the ditierence in pressure control band between vapor entering the capii~
lary tubes and liquid, ‘
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